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Introduction
Nanocrystalline metallic and ceramic show outstanding mechanical properties and represent the subject of rapidly growing research efforts motivated by a wide range of their applications (Aifantis, 2009; Barai and Weng, 2009; Bobylev et al., 2009; Capolungo et al., 2007; Farrok and Khan, 2009; Figueiredo et al., 2009; Koch et al., 2007; Khan et al., 2008a,b; Ovid'ko, 2007) . However, in most cases, nanocrystalline materials have superior strength, hardness and good wear resistance but at the expenses of both low tensile ductility and low fracture toughness, which considerably limit their practical utility (Dao et al., 2007; Koch, 2007; Koch et al., 2007; Ovid'ko, 2007) . However, in the experiments, some nanocrystalline metals with the face-centered-cubic lattice (FCC metals) exhibit a ductile-to-brittle transition with decreasing grain size. The difference in fracture behavior between them is caused by their structural features. This creates high interest in understanding the toughening mechanisms that specific for nanocrystalline materials. Recently, intergrain sliding, triple junction diffusional creep, Coble creep, rotational deformation and nanoscale deformation twinning have been theoretically described as specific deformation modes in nanocrystalline materials. And the specific toughening mechanisms are attributed to specific deformation modes in nanocrystalline materials (Bobylev et al., 2010; Gutkin and Ovid'ko, 2005; Morozov et al., 2010; Ovid'ko and Sheinerman, 2009, 2010; .
Ovid 'ko and Sheinerman (2008) and Morozov et al. (2010) have pointed that the special rotational deformation effectively occurs at nanograin boundary junctions through the formation of a quadrupole of immobile wedge disclinations whose strengths gradually increase. A wedge disclination represents a rotational line defect located at either a grain boundary or a triple junction of grain boundaries and characterized by disclination strength (Ovid'ko and Sheinerman, 2008) . A unit disclination is a special and very strong source of internal elastic stress and possesses an energy which is very large in comparison with the energy of a dislocation. However in the case of self-screened disclination configurations, such as disclination dipoles and disclination quadrupole, the energy may be relatively small and disclinations can exist in nanocrystalline materials (Fang et al., 2006; Wu et al., 2006; Zhou and Wu, 2006) .
Considering nanocrystalline materials with cracks, if the stress intensity near the crack tip is large enough, the crack can induce plastic shear through the emission of an edge dislocation from the crack tip. The emission of dislocations from cracks causes effective blunting of cracks, thus suppresses their growth, improves the toughness of nanocrystalline materials. So the crack blunting and growth processes are controlled by dislocation emission from crack tips. And many previous works have lots of experimental and theoretical results suggest that the rotational deformation contribute to the toughening of nanocrystalline materials (Morozov et al., 2010; Ovid'ko and Sheinerman, 2008) , but the effect of special rotational deformation on the emission of edge dislocations from crack tip has not been well quantitatively studied. In the present paper, we built a theoretical model to study the interaction between a wedge disclination quadrupole produced by special rotational deformation and the crack. The main aim of this paper is to study the effects of the special rotational deformation on the emission of lattice dislocations from the crack tip.
Model and problem formulation
We consider a deformed nanocrystalline solid under remote mode I loadings and remote mode II loadings. The solid is assumed to be an elastically isotropic solid having the shear modulus l and Poisson's ratio m. A two-dimensional section of the solid with a flat crack of length l is schematically shown in Fig. 1 . For simplicity, we assume that the defect structure of the solid is the same along the coordinate axis z perpendicular to the xy plane. This assumption will allow us to simplify the mathematical analysis of the problem in our study, reducing it to the consideration of a two-dimensional structure. At the same time, the two-dimensional description definitely reflects the key aspects of the problem.
Let us introduce a Cartesian system (x, y) and a polar coordinate system (r, h) with the origins at the crack tip ( Fig. 1(b) ). In this coordinate system, the special deformation quadruple consists of two positive disclinations with strength x at z 1 ¼ r 1 e ih 1 and z 3 = z 1 + se ia + de i(a+p/2) and two negative disclinations with the same strength at z 2 = z 1 + se ia and z 4 = z 1 + de
, respectively.
Here, s and d represent the quadrupole arms (the grain size), a represents the angle between the crack plane and one of the quadrupole arms s.
For the plane strain problem, stress fields (r xx , r yy and r xy ) and displacement fields (u x and u y ) may be expressed in terms of two Muskhelishvili's complex potentials U(z) and W(z) in the complex plane z = x + iy: (Muskhelishvili, 1975) 
According to Romanov and Vladimirov (1992) , the elastic stress fields produced by a wedge disclination quadrupole with four disclination lines located at the points z 1 (=x 1 + iy 1 ), z 2 (=x 2 + iy 2 ), z 3 (=x 3 + iy 3 ) and z 4 (=x 4 + iy 4 ) in an infinite homogeneous medium may be expressed as follows:
Assume that the elastic fields produced by the special rotational deformation in an infinite homogeneous medium can be evaluated by using two complex potentials U w0 (z) and W w0 (z).
Substituting Eqs. (6) and (7) into Eqs.
(1), (7) and (8) into Eq. (2), referring to the work in Muskhelishvili (1975) , the complex potential U w0 (z) and W w0 (z) can be taken in the forms:
From Eqs. (9) and (10) together with Eqs. (1) and (2), we obtain the stress fields which are identical to the results in Eqs. (6)- (8), Eqs. (9) and (10) are singularity principal parts of complex potentials on the problem of the special rotational deformation in an infinite homogeneous medium without the crack.
For the problem shown in Fig. 1 where U w0 (z) and W w0 (z) indicate the terms due to the presence of the special rotational deformation located in infinite medium, and U Ã w ðzÞ and W Ã w ðzÞ refer to the terms resulting from the interaction of the special rotational deformation with the crack, which are holomorphic in the region.
By using Riemann-Schwarz's symmetry principle, we introduce a new analytical function
The substitution of Eqs. (11) and (12) into Eq. (13) yields
where X Ã w ðzÞ is holomorphic in the region. Considering the above complex potentials, the crack boundary condition (5) can be written as ½U w ðtÞ À X w ðtÞ þ þ ½U w ðtÞ À X w ðtÞ
½U w ðtÞ À X w ðtÞ þ À ½U w ðtÞ À X w ðtÞ
where the superscripts + and À denote the boundary values of the physical quantity as z approaches the crack from the upper half plane and the lower half plane. Without loss in generality, we assume that two ends of the crack are located at a and c on the x-axis. Therefore, the complex potentials U w (z) and W w (z) have the following forms:
where
Substituting Eqs. (17) and (18) into Eq. (4), we obtain the stress fields due to the special rotational deformation.
The emission force of lattice dislocations
Let us consider the emission of lattice dislocations from the crack tip. For simplicity, we focus on the situation where the dislocations are of edge character and their Burgers vectors lie along the slip plane that makes an angle h with the x -axis.
For the first dislocation located at z 0 ¼ r 0 e ih 0 in the coordination system, the elastic fields can be evaluated by using the complex potentials U e (z), W e (z) and X e (z).
Referring to the work in Fang et al. (2003 Fang et al. ( , 2009 
Using the same method in the Section 2, we can obtain Zhang and Li (1991) . Then, the force acting on the edge dislocation consists of three parts: the image force, the force produced by the special rotational deformation and the external force.
Firstly, using the Peach-Koehler formula (Hirth and Lothe, 1964) , the image force can be written as Then, the force produced by the special rotational deformation can be written as (Hirth and Lothe, 1964) 
where r xx , r yy and r xy are the components of the stress fields produced by the special rotational deformation. Lastly, the external force acting on the edge dislocation can be written as
where r rh is the in-plane shear stress due to the applied mode I and mode II stress intensity factors and r rh = (r y À r x ) sinh cosh + r xy (cos 2 h À sin 2 h). For the linear elastic analysis of plane cases, convention approaches have been soundly established by Muskhelishvili and Radok (1953) and Neuber (1985) . On the basis of this analysis, Irwin (1957) where K Iapp and K IIapp are the generalized mode I and mode II stress intensity factors produced by the remote loadings. The Eq. (24) can be expressed as
Then, the dislocation emission force acting on the edge dislocation can be written as
Substituting Eqs. (22), (23), and (25) into the Eq. (26), we have the expression of the dislocation emission force.
The critical stress intensity factors for the dislocation emission
A commonly accepted criterion for the emission of dislocations from a crack tip is, when the force acts on them, is equal to zero. Moreover, the dislocation distance to the crack surface must be equal to, or larger than, the dislocation core radius (Rice and Thomson, 1974) . Combining expressions (22)- (26) and f emit = 0 yields the critical stress intensity factor K app IC and K app IIC for the dislocation emission as follows. We discuss the effects of the special rotational deformation on the emission of lattice dislocations from the crack tip.
Let us calculate the critical stress intensity factors K app IC and K app IIC in the situation, where the special rotational deformation forms near the crack, as shown in Fig. 1 . We define the critical normalized stress intensity factors as K
, and denote the disclination strengths as ±x, the special rotational deformation arms as s and d, and the special rotational deformation orientation as a, as well as the dislocation position r 0 = b/2. The quadrupole arms are assumed to be much smaller compared to the crack length l.
We use the following parameter value for the nanocrystalline material 3C-SiC, l = 217GPa, m = 0.23 (Morozov et al., 2010) . SIFs have the smallest value when the special rotational deformation does not exist. So the special rotational deformation can suppress the dislocation emission from the crack tip, thus improve the toughness of the materials. For the mode I stress intensity factors in Fig. 3 , the critical normalized SIFs first decrease then increase with increasing of the edge dislocation emission angle. When the special rotational deformation does not exist (x = 0°), the most probable angle for the edge dislocation emission is 70.53°, which is identical to the result in Huang and Li (2004) . And the most probable angle decreases with the increment of the disclination strength x, for x = 2.5°, the most probable angle h 0 = 37.5°, for x = 5°, h 0 = 28.5°, and for x = 10°, h 0 = 21.5°. But for the mode II stress intensity factors in Fig. 4 , the critical normalized SIFs increase from a finite positive value to infinity with increasing of the edge dislocation emission angle, then switch to negative value. Referring to the work in Huang and Li (2004) , the sign of the SIFs can be determined by the direction of the Burgers vector of the emerging dislocations. So the most probable angle for the positive edge dislocation is always zero degree. And when the special rotational deformation does not exist (x = 0°), the most probable angle for the negative edge dislocation emission is 123.75°.
The critical normalized SIFs K 0 IC versus the grain size d with different special rotational deformation orientations a are depicted in Fig. 5 . We can see that, the critical normalized SIFs first increase then decrease with increasing of the grain size d, but decrease with the increment of the special rotational deformation orientation a.
There is a critical grain size making the critical normalized SIFs equal to zero. And when the grain size d is larger than the value, the edge dislocation can emit from the crack tip without any loadings. The critical value also decreases with increasing of the special rotational deformation orientation a.
The dependences of the critical normalized SIFs K 0 IC on the disclination position r 1 with different disclination orientation h 1 are shown in Fig. 6 . It indicates that the critical normalized SIFs first decrease then increase with increasing of the disclination position r 1 (the distance between the crack and the special rotational deformation) when h 1 = 0°. In other cases (h 1 -0°), the critical normalized SIFs decrease with the increment of the disclination position r 1 , and then tend to constants. We can also see that, when the disclination position is certain and in the certain region (r 1 P 9 nm), the critical normalized SIFs increase with increasing of the disclination orientation h 1 . Fig. 7 plots the variations of the critical normalized SIFs K 0 IC with respect to the disclination orientation h 1 with different disclination positions r 1 . It is found that when the disclination position r 1 = 0.05, 0.1, 1 nm, the critical normalized SIFs first decrease then increase with the increasing of the disclination orientation h 1 . The critical normalized SIFs will just decrease with the increment of the disclination orientation h 1 when the disclination position r 1 is smaller (r 1 = 0.01 nm). And when the disclination position r 1 is larger, the critical stress intensity factors just increase with the increment of the disclination orientation h 1 , which is identical to the result in Fig. 6 . Last, Fig. 8 (a) and (b) plot the dependence of the critical normalized SIF K 0 IC on the crack length. From Fig. 8(a) , we can see that the critical normalized SIF increases with the increment of the crack length when the crack length is in nanometers. When the crack length is in micrometers in Fig. 8(b) , the critical normalized SIF first sharply increases then slowly decreases with increasing of the crack length, and then tend to a constant. There is a critical crack length, which makes the edge dislocation emission the most difficult.
Concluding remarks
Thus, the interaction between the special rotational deformation and the crack is investigated by the complex variable method. We have theoretically described the effects of the special rotational deformation produced by the special rotational deformation on the emission of lattice dislocations from the crack tip in deformed nanocrystalline ceramics and metals. The critical stress intensity factors for the dislocation emission are calculated. The influence of the disclination strength, the grain size, the location of the disclinations and the angle between the crack plane and one of the quadrupole arms, the crack length, as well as the parameter values of different nanocrystalline materials on the critical stress intensity factors is discussed in detail. Some conclusions are summarized as follows.
(1) The special rotational deformation can suppress the dislocation emission from the crack tip, thus decrease the toughness of the materials. The special rotational deformation are stronger, the edge dislocation emissions from the crack tip are more difficult. And the mode II loadings are easier than the mode I loadings to make the dislocation emit form the crack tip. (2) When the special rotational deformation does not exist, the most probable angle for the positive edge dislocation emission is 70.53°. And the most probable angle decreases with the increment of the disclination strength. For the mode II stress intensity factor, the most probable angle for the positive edge dislocation emission is always zero degree. (3) The critical stress intensity factors will first increase then decrease with increasing of the grain size, but decrease with the increment of the special rotational deformation orientation. The grain size is lager, the effects on the dislocation emission are weaker, and the dislocation emissions are easier. The grain size has great effect on the toughness of the materials. (4) When one of the disclinations locates on the x -axis, the critical stress intensity factors will first decrease then increase with increasing of the disclination position. But in other cases, the critical SIFs will just decrease with the increment of the disclination position. With different disclination positions, the critical SIFs have different variation tendency respect to the disclination orientation. (5) By the way, there is a critical crack length, which makes the edge dislocation emission the most difficult. 
